ABSTRACT Replication of integrated polyoma virus DNA and flanking cellular sequences was studied in an inducible line of polyoma-transformed rat cells, designated the LPT line, that contains a single viral integration site. Chromosomal DNAs were purified from LPT cells treated with the virus-inducing agent mitomycin C and from untreated cells and were digested with restriction enyzmes. The digests were analyzed by the Southern blotting technique. The virus DNA and a recombinant plasmid containing flanking cell DNA were used as hybridization probes. The analysis showed that mitomycin C treatment caused a more than 10-fold amplification of restriction fragments extending up to about 2.0 kilobase pairs into the cellular DNA flanking one end of the viral insertions, defined as the left joint. Fragments extending beyond this region were not amplified. These results showed that (i) integrated polyoma virus DNA undergoes multiple rounds ofreplication in mitomycin C-treated LPT cells and (ii) the replication extends into the flanking sequences and is arrested within a 0.40-kilobase-pair cellular DNA segment located about 2.0 klobase pairs beyond the leftjoint. This segment may include a terminator of a normal cellular replicon.
The inducible LPT line of polyoma-transformed rat cells was isolated from rat embryo muscle cells infected with polyoma virus (Py) (1) . LPT cells contain Py DNA integrated into a single site in the chromosomal DNA (2, 3) . The Py insertions vary in length by virtue ofdifferent degrees oftandem duplications (3) . The cells are heterozygous with respect to the insertions (4) . A small fraction of LPT cells (<0.20%) are spontaneously induced to synthesize free Py DNA molecules and infectious polyoma virus (1, 5) . The induction rate can be increased up to 300-fold by treating the cultures with physical and chemical carcinogens (1, (5) (6) (7) (8) or agents that inhibit protein synthesis (9) or by fusing LPT cells with mouse cells (1) .
The high inducibility of the LPT line and the availability of a detailed physical map of the Py integration site in LPT cells (3) makes this system suitable for studies of molecular events that follow virus induction. Here we report a study of the replication of integrated Py DNA and flanking sequences in LPT cells treated with the virus-inducing agent mitomycin C. This work was inspired by the observation that virus activation leads to enhanced replication of chromosome-associated viral DNA in Py and simian virus 40 transformants (10, 11) and by the "onion skin" model proposed by Botchan et aL (11) to account for this finding. According to this model, multiple rounds of bidirectional replication are initiated at the normal origin ofthe integrated viral DNA and the replication forks move in opposite directions into the flanking cellular sequences. Formation of these replicating intermediates may facilitate excision of the viral DNA by homologous recombination events.
In the present study, chromosomal DNAs were prepared from untreated and mitomycin C-treated LPT cells and were digested with restriction enzymes. The digests were analyzed by the Southern blotting technique (12) . Py DNA and a recombinant plasmid containing flanking cell DNA were used as hybridization probes. The effect ofmitomycin C treatment on the concentration of restriction fragments containing both Py and flanking cell DNA sequences (junction fragments), or only flanking sequences, was studied. The results show that, as predicted by the onion skin model, the chromosome-associated Py DNA and adjacent cellular sequences undergo multiple rounds ofreplication in mitomycin C-treated LPTcells. A detailed analysis of replication forks that move across one of the viral-cell DNA joints, defined as the left joint, showed that their movement is arrested within a 0.40-kilobase-pair (kb) cellular DNA segment that maps about 2.0 kb to the left ofthe viral insertions.
MATERIALS AND METHODS
Cells and Virus. LPT cells were propagated as described (9) .
To induce the polyoma virus, mitomycin C at 1.0 Ag/ml was added to the growth medium for 1 hr. The cells were further incubated for 23 hr in the absence of the drug and then harvested. The methods used for growth ofpolyoma virus and purification of Py DNA have been described (2, 9) .
Fractionation of High and Low Molecular Weight DNA. Whole cell DNA was purified from untreated or mitomycin Ctreated LPT cultures as described by Mendelsohn et aL (3) . The DNA was fractionated by a modified Hirt's procedure (3, 13) . The Hirt's precipitate (the "chromosomal DNA fraction") and the Hirt's supernatant (the "extrachromosomal DNA fraction") were further purified as described (3) .
Analysis of Restriction Enzyme Digests by the Southern Blotting Technique. The procedures used for digestion ofDNA with restriction enzymes, gel electrophoresis, Southern blotting, DNA-DNA hybridization, and autoradiography have been described by Mendelsohn et aL (3) . DNA hybridization probes were prepared by nick-translation (14) and had specific radioactivities of 2-5 X 108 cpm/,g. The probes were Py DNA and a recombinant plasmid containing a 0.90-kb flanking cell DNA segment that maps next to the left boundary of the viral insertions (4). cation of chromosome-associated Py DNA in LPT cells. To this end, we purified high molecular weight chromosomal DNA from untreated and mitomycin C-treated LPT cells. Samples of these DNA preparations were digested with restriction enzymes and the digests were analyzed by the Southern blotting technique. Py DNA was used as a hybridization probe in these initial experiments. The results were interpreted by using the previously derived physical map ofthe Py integration site shown in Fig. 1A . An analysis of DNAs restricted with the enzyme Bgl I, which cleaves Py DNA once, is shown in Fig. 2 . Track 1 shows that the Bgl I digest of DNA from untreated cells contains two junction fragments, as expected (Fig. 1A) , and whole linear Py DNA molecules that originate from insertions including tandem repeats of the viral DNA (3) . The amount of chromosome-associated Py DNA has greatly increased in the mitomycin Ctreated cells (track 2). Most of the amplified viral DNA is included in a heterogeneous mixture of fragments that did not migrate in the gel as specific bands. These heterogeneous fragments were probably generated by Bgl I cleavage ofreplicating intermediates. The very wide range of mobilities of these fragments implies that the replicating DNA has a very complex structure. The smaller (2. 1-kb) junction fragment can barely be identified in track 2 and is more abundant than the corresponding fragment in track 1. The amount of DNA loaded into track 2 was one-fifth of the amount loaded into track 1. We therefore conclude that the 2. 1-kb fragment was amplified more than 5-fold in the mitomycin C-treated cells. This result and the results obtained in similar analyses of other enzyme digests imply that mitomycin C treatment induces more than two rounds of replication of integrated Py DNA and flanking sequences in LPT cells.
RESULTS

Amplification
To examine the replication ofthe flanking cell DNA directly, we carried out analogous experiments in which a plasmid containing the flanking cell DNA segment whose -map position is indicated in Fig. 1A was used as a hybridization probe. An analysis of DNAs from untreated and mitomycin C-treated cells digested with the enzymes Bgl I, Hpa II, and EcoRI is shown in Fig. 3 1A). Clearly, the concentrations of both fragments are considerably higher in the DNA prepared from mitomycin C-treated cells. The corresponding Hpa II digests (Fig. 3 , tracks 3 and 4) display similar patterns: A junction fragment and a fragment containing only flanking cell DNA have both been amplified in mitomycin C-treated cells. The EcoRI blots (tracks 5 and 6) display one band that contains the cloned cell DNA segment itself (4) . It has also been amplified after mitomycin C treatment. Quantitative estimations, in which the intensities of the bands were compared with those of bands containing known amounts of plasmid DNA, indicate that the concentrations of all the fragments observed in Fig. 3 are increased at least 10-fold in the mitomycin C-treated cells. These results support the conclusion that mitomycin C treatment induces multiple rounds ofreplication ofcovalently linked Py DNA and flanking cellular sequences.
It should be noted that junction fragments that sometimes could not be detected in blots hybridized with Py DNA, because of masking by heterogeneous material, could easily be identified and quantitated in blots hybridized with the recombinant plasmid, which displayed much smaller amounts of heterogeneous material and was of better quality. We believe that this contrast reflects the structure of the replicating DNA, which is more complex within the region ofthe tandemly repeated Py insertions than within the flanking cellular sequences.
The Amplified Restriction Fragments Detected by Hybridization with the Recombinant Plasmid Probe Are Derived from Chromosomal DNA and Not from Contaminating Extrachromosomal DNA Species. Although we purified the chromosomal DNA used for these experiments by a method that selectively removes small extrachromosomal DNA molecules, some smaller molecules could remain in our preparations. The potential contaminants include not only free Py DNA but also molecules containing both Py and flanking cell DNA that might be excised from the chromosomal integration site and replicate autonomously. The fragments shown to be amplified in Figs. 2 and 3 could be generated from such contaminants and not from authentic chromosomal DNA. This possibility was examined as follows. Samples of the large chromosomal and the smaller extrachromosomal DNA fractions, obtained by our purification procedure from mitomycin C-treated LPT cells, were electrophoresed in an alkaline agarose gel. The alkali dissociated all DNA molecules that were not covalently linked (3) . A blot prepared from this gel was hybridized with the plasmid containing the flanking cell DNA segment. An autoradiogram of this blot (Fig. 4) shows that most of the sequences that are complementary to the probe are included in a heterogeneous mixture of 1 adjacent cellular sequences, including the cell DNA segment cloned into the plasmid probe, is shown in Fig. 5A . It is assumed that replication is initiated within the viral insertions and ends at the site designated T in the flanking DNA. Fig. 5 B and C illustrates the DNA shown in Fig. 5A undergoing one and two cycles ofreplication, respectively. Digestion ofthe unreplicated DNA with a restriction enzyme yields fragments a and b (Fig.  5A ), which can be detected in a blot analysis by hybridization with the cloned cell DNA segment. The replicating structures yield two and four copies, respectively, offragment a; they also yield fragments b' and b" instead of fragment b (Fig. 5 B Fig. 5 B and C. Therefore, a blot prepared from an induced cell DNA digest should display amplification offragment a. On the other hand, fragment b is not expected to be amplified in this digest, because it should have a different electrophoretic mobility from that of fragments such as b' and b". In general, a fragment whose left end maps between the cell-viral DNAjoint and the termination site would be amplified whereas a fragment whose left end maps beyond the termination site would not be amplified. If, however, the replication is terminated at various sites in different cells, rather than at one fixed site, a steady decrease in the degree of amplification of various fragments would be expected, depending on how far these fragments extend into the flanking cell DNA.
We have tested the model shown in Fig. 5 by blot analysis ofDNAs from untreated and mitomycin C-treated cells digested with BamHI, Xba I, and Bgl II, which cleave the flanking cellular DNA at relatively distant positions (Fig. 1A) , again using the recombinant plasmid containing the cloned cell DNA as a hybridization probe. As shown in Fig. 6 , the junction fragments generated by these enzymes were not, or only slightly, amplified in the mitomycin C-treated cells. This result implies that replication ends between the cleavage sites of these enzymes and the cleavage sites of the enzymes used in the experiment shown in Fig. 3 . In addition to discrete bands, tracks 2, 4, and 6 in Fig. 6 also display a heterogeneous population ofmolecules spread throughout a large portion of the blots. These are presumably fragments derived from replicating structures such as b' and b" in Fig. 5 .
A similar analysis of various restriction enzyme digests designed to locate more precisely the region in which replication is terminated is shown in Fig. 7. Fig. 1B illustrates the data obtained in this analysis and the results of the previous experiments graphically. One example ofthe results obtained in Fig.   7 and illustrated in Fig. 1B is the observation that one HindIII/ Bgl II junction fragment is strongly amplified after mitomycin C treatment whereas another HindIII/Bgl II fragment, which maps further left, is only slightly amplified (compare tracks 5 and 6 in Fig. 7 ). This and the other results illustrated in Fig.   1B indicate that replication ofthe flanking cell DNA ends about 2.0 kb beyond the left viral-cell DNA joint within the 0.40-kb segment designated on the physical map (Fig. 1A) as "termination region."
Another interesting result shown in Fig. 7 (tracks 5 and 6) is that the corresponding fragment, derived from the homologous chromosome that does not harbor a viral insertion, has not been amplified in the mitomycin C-treated cells. We have also found that mitomycin C-treatment of normal rat cells does not cause amplification of the corresponding sequences (unpublished data). 7 and unpublished data) . Thus, it appears that in mitomycin Ctreated LPT cells the integrated Py DNA and flanking sequences undergo onion skin replication (11) .t
DISCUSSION
The fragment amplification pattern shown in Fig. 1B indi- cates that the replication induced by mitomycin C ends within the 0.40-kb segment designated as the termination region. It might be argued that fork progression is arrested in this region because it includes sequences that preferentially bind mitomycin C molecules. However, we have recently observed a similar pattern of fragment amplification in LPT cells exposed to bromodeoxyuridine and UV light, which are almost as effective as mitomycin C as inducing agents in. this system (7) . It is believed that mitomycin C preferentially binds to guanosine residues in DNA (16) whereas exposure to bromodeoxyuridine and UV light affects primarily thymidine residues (17) . Therefore, these agents are not expected to interact preferentially with the same sites in DNA. Because replication induced by either of these agents ends within the same 0.40-kb segment, this segment may include an authentic termination signal for chromatin replication.
It has been reported that the completion and merging of DNA replicons represents a rate-limiting step in chromatin replication (18) (19) (20) . Studies of simian virus 40 minichromosome replication have indicated that the two replication forks of this virus, which proceed from a common origin toward a common termination region, stop at preferred DNA sequences located in this region (21) . The retardation of replicon merging can be accounted for by the presence of similar sequences in mammalian chromatin at the junctions between adjacent replicons. Sequences that block movement of replication forks have also been identified in the Escherichia coli chromosome and in the .plasmid R6K (22) (23) (24) (25) . The integrated Py DNA and flanking cellular DNA in LPT cells can be regarded as an artificially constructed replicon that can be induced to replicate independently of other neighboring replicons. Thus, the replication forks proceeding from the viral insertions into the flanking cellular. DNA probably do not encounter other forks proceeding in opposite directions, as observed in normal replication of mammalian chromatin (26) . This. property of the LPT system made it more suitable for detection ofa termination signal than replicating replicons in normal cells, in which it is difficult to find out whether termination occurs when the forks meet or when they-encounter a specific signal.
